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ABSTRACT Aspects of neutrophil mechanical behavior relevant to the formation of adhesive contacts were assessed by
measuring the dependence of the contact area between the cell and a spherical substrate under controlled loading.
Micropipettes were used to bring neutrophils into contact with spherical beads under known forces, and the corresponding
contact area was measured over time. The neutrophil was modeled as a viscous liquid drop with a constant cortical tension.
Both the equilibrium state and the dynamics of the approach to equilibrium were examined. The equilibrium contact area
increased monotonically with force in a manner consistent with a cell cortical tension of 16–24 pN/mm. The dynamic response
matched predictions based on a model of the cell as a growing drop using published values for the effective viscosity of the cell.
The contact pressure between the cell and substrate at equilibrium is predicted to depend on the curvature of the contacting
substrate, but to be independent of the impingement force. The approach to equilibrium was rapid, such that the time-averaged
stress for a two-second impingement was within 20% of the equilibrium value. These results have implications for the role of
mechanical force in the formation of adhesive contacts.
INTRODUCTION
Deformation of neutrophils in response to external forces is
intrinsic to their function as circulating cells. It is important
not only during their passage through small apertures in the
circulation, but also as they ﬂatten and deform during
interaction and adhesion with the endothelium. Experiments
testing passive neutrophil deformation have led to the
development of mechanical models that approximate the
cellular response to applied forces. An early report based on
small deformations of the cell into a micropipette used the
model of a standard viscoelastic solid to describe cell
behavior (Schmid-Schonbein et al., 1981). Subsequently,
observations of large cellular deformations demonstrated
that neutrophil behavior is fundamentally ﬂuid-like: cells
deform continuously into micropipettes in response to
constant loads (Evans and Kukan, 1984). These observations
led to the model of the cell as a viscous ﬂuid with a constant
cortical tension, the so-called liquid-drop model (Evans and
Kukan, 1984; Evans and Yeung, 1989; Needham and
Hochmuth, 1990). In the simplest form, the neutrophil
cytoplasm is modeled as a Newtonian ﬂuid. A thorough ex-
amination of cellular behavior reveals that the behavior is
more complex than this, and a number of reﬁnements to the
basic liquid-drop model have been proposed. These include
models of the cell in which there is a signiﬁcant surface
viscosity (Evans and Yeung, 1989; Yeung and Evans, 1989;
Drury and Dembo, 2001; Herant et al., 2003), two-phase
ﬂow (Herant et al., 2003), inclusion of a transient elastic
component (Dong and Skalak, 1992), and recognition that
the cellular viscosity decreases with increasing rate of de-
formation (Tsai et al., 1993; Drury andDembo, 2001). Never-
theless, the simpleNewtoniandropmodel captures the essential
behavior of the cell.
Neutrophil deformation can have a signiﬁcant inﬂuence
on the adhesion of cells to substrates under hydrodynamic
shear. Previously, an approximate, two-dimensional analysis
of adherent deformable bodies in shear ﬂow has been used to
examine the effects of deformation on adhesion in shear ﬂow
(Dong et al., 1999; Lei et al., 1999). Leukocyte deformation
can enhance adhesion in at least three ways. First, after initial
contact and adhesion, hydrodynamic forces acting on the cell
increase the area of contact, increasing the number of
receptors and ligands available for bond formation. Second,
the lengthening of the contact zone increases the moment
arm over which bond forces at the periphery act, reducing the
magnitude of the force on bonds at the rear of the cell acting
to counteract hydrodynamic forces working to detach the cell
from the surface. Third, cell ﬂattening reduces the overall
hydrodynamic drag force exerted by the external ﬂow on the
cell surface (Dimitrakopoulos and Higdon, 1998; Lei et al.,
1999). These three effects together add signiﬁcantly to the
stability of adhesion and enhance the effective recruitment of
cells from the vasculature.
In addition to these macroscopic effects on adhesion in
shear ﬂow, mechanical forces may affect adhesion via
alterations of the surface microtopography of the cell mem-
brane in the contact zone. The microvilli that cover the
neutrophil surface limit the proportion of the cell mem-
brane that may come in molecularly close contact with an op-
posing surface (Williams et al., 2001). This in turn may reduce
the accessibility of adhesion molecules for bond formation
with the substrate. This effect may be enhanced (or mitigated)
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by the nonuniform distribution of adhesion molecules
over the cell surface. Ultrastructural evidence indicates
that the distribution of the major adhesion molecules
on the neutrophil surface is, in fact, nonuniform. A neutrophil
receptor known to mediate cell rolling, L-selectin, is pri-
marily clustered on the tips of microvilli as shown by im-
munogold labeling (Erlandsen et al., 1993; Bruehl et al.,
1996). In contrast, the principal integrin receptors on
the neutrophil surface (LFA-1 and Mac-1) appear to be ran-
domly distributed on the non-villus cell body (Erlandsen et al.,
1993; Fernandez-Segura et al., 1996). To evaluate the ex-
tent that stresses between the cell and substrate may
affect the microtopography of the contact zone, it is im-
portant to know how the contact pressure (which is directly
related to the mean force per microvillus in the contact region)
changes under different loading conditions.
In this report we assess aspects of neutrophil mechanical
behavior relevant to the formation of adhesive contacts
between neutrophils and an artiﬁcial surface under well-
controlled conditions. Micropipettes were used to make
contact between neutrophils and beads with different applied
forces, and the time-course of the approach to equilibriumwas
observed. This behavior is compared to analytical predictions
based on published mechanical models of the neutrophil.
In a companion report (Spillmann et al., 2004), the
implications of this behavior are used as a basis for
understanding the dependence of adhesion on impingement
force.
ANALYSIS
Equilibrium
We ﬁrst consider the equilibrium case of a passive neutrophil
and a rigid bead touched together under a constant axial force.
This interaction results in deformation of the cell by the bead
and formation of ameasurable area of contact between the two
surfaces. To determine the equilibrium relationship between
contact area and force we treated the cell as a viscous liquid
drop with a constant uniform cortical tension, neglecting any
contributions to the deformation due to bending resistance of
the cell cortex. In keeping with the model of the cell as a
liquid drop, the interior pressure at equilibrium is presumed
to be uniform. The geometry of the interaction is depicted in
Fig. 1.
The macroscopic contact area, Amac, between the cell and
bead is related to the radius of the bead, Rb, and the
penetration depth of the bead into the cell, db, by
Amac ¼ 2pRbdb; (1)
where
db ¼ Rb 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
R
2
b  R2con
q
: (2)
The quantity Rcon is the contact radius of a circular cross
section of the bead taken at the bead’s penetration depth into
the cell. We will refer to this cross-sectional area as the
projected contact area, Aproj ¼ pR2con: Substituting Eq. 2 into
Eq. 1 results in the following expression to calculate the
macroscopic contact area between a neutrophil and bead
from measurements of Rb and Rcon:
Amac ¼ 2pRb Rb 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
R
2
b  R2con
q 
: (3)
Note that for all physically realizable cases, 0 # Rcon # Rb.
Force balance
An analysis based on static equilibrium was used to develop
an expression to relate the contact radius (and Amac) to the
applied normal force, F, and the cortical tension of the
neutrophil surface, Tcort. A force balance between the cell
and the bead requires that the force equal the product of the
pressure difference across the cell-bead boundary (DPb) and
the projected contact area, F ¼ DPb 3 pR2con: The pressure
change across the cell and bead interface is
DPb ¼ Pi1 2Tcort
Rb
; (4)
where Pi is the pressure in the cell interior relative to the
suspending ﬂuid outside the pipette (Fig. 1) and Tcort is
assumed to be constant and uniform over the cell surface. At
static equilibrium, the internal pressure can be related to the
cortical tension, Pi¼ 2Tcort/Rc, where Rc is the cell radius. (A
slightly more accurate expression might be obtained by
formally taking this force balance at the upstream side of the
FIGURE 1 Schematic illustration of a neutrophil contacting a bead. The
cell and bead radii are Rc and Rb, respectively. In the expanded view of
the contact area, the total penetration depth, d, is equal to the sum of the
penetration of the bead into the cell, db, and the cell into the bead, dc.
The contact radius, Rcon, is half of the contact length, which can be described
as the chord between the cell and bead intersection perpendicular to the axis
of penetration. The measured Rcon was used to calculate the projected area,
Aproj, and the macroscopic contact area, Amac.
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cell. For a detailed discussion, see Appendix 1.) Using this
expression, the relationships among the force, cortical
tension, and dimensions of the system can be written as
F ¼ 2Tcort 1
Rb
1
1
Rc
 
pR
2
con: (5)
Solving Eq. 5 for R2con and substituting the result into Eq. 3
results in the following expression for the macroscopic area
of contact between the cell/bead surfaces at equilibrium:
Amac ¼ 2pRb Rb 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
R
2
b 
FRcRb
2pTcortðRc1RbÞ
s !
: (6)
In the limit of inﬁnite bead radius, this expression reduces to
the simpliﬁed case describing the area of a liquid drop in
contact with a ﬂat surface, limRb/N Amac ¼ ðFRcÞ=ð2TcortÞ:
Dynamic analysis
We treat the neutrophil as a viscous drop with constant
cortical tension and estimate the time-dependent changes in
contact area when the neutrophil is pressed against a rigid
bead. A small rigid bead impinging on a viscous spherical
cell resembles the growth of a pendant liquid drop, the latter
being a well-studied problem in ﬂuid mechanics. In both
situations, the introduction of a source of ﬂuid at the sphere
boundary (either by a bead displacing the inner cell volume,
or by an inlet ﬂow through a capillary nozzle) can cause
essentially radial growth of the drop at sufﬁciently low ﬂow
rates. At higher ﬂow rates from the nozzle into the drop,
jetting occurs and there is considerable tangential convection
within the drop. By balancing inertial, viscous, and in-
terfacial forces in the growing drop, Humphrey et al. (1974)
deﬁned a dimensionless circulation number (C),
C ¼ V
2
rDeq
g
3
VrDeq
m
; (7)
as the product of modiﬁed Weber and Reynolds numbers. In
the above deﬁnition, V is the maximum nozzle velocity, r
and g are the drop density and interfacial tension, and, for
drops which are much more viscous than the surrounding
phase, m is the interior viscosity. Deq is an equivalent
diameter deﬁned by
Deq ¼ R
2
conðR2con1 4R2cÞ
2R
3
c
; (8)
whereRcon replaces the nozzle radius andRc is the drop radius.
Through careful experimental visualization of the ﬂow
streamlines for a range of inner and outer ﬂuids, Humphrey
et al. (1974) showed that radial ﬂow is predominant for values
of C less than order unity. By analogy to the pendant drop
problem, we may evaluate this dimensionless group to
determine whether purely radial growth of the cell is to be
expected during impingement, or whether a more complex
interior ﬂow with signiﬁcant pressure gradients exists. As-
suming characteristic values of V¼ 1.0 mm/s, r ¼ 103 kg/m3
(1.0 g/cm3),Dn 0.5 mm, d¼ 8.0 mm, g ¼ 2.53 105 kg/s2
(25 pN/mm), and m¼ 100 kg/m per s (100 pN s/mm2 or 1000
poise), we obtain a circulation number ofC¼O(1022). (Note
that 1.0 pN s/mm2¼ 1.0 N s/m2¼ 1.0 Pa s.) Thus, the interior
ﬂow induced by the impinging bead is predominantly radial,
and we may proceed by modeling the cell deformation as the
isotropic expansion of a viscous sphere.
The formulation of Scriven (1960) has been used to predict
pressure and curvature changes of a drop growing on the tip of
a capillary tube (MacLeod and Radke, 1993). To adapt this
analysis to the indentation of the cell by a bead, we
(conceptually) replace the ﬂow from the capillary into the
droplet with the volume displaced by the bead pushing into
the cell. The governing equation describing the increase in the
neutrophil (drop) radius, Rc, is (MacLeod and Radke, 1993)
Pi ¼ 2Tcort
Rc
1
4k
R
2
c
dRc
dt
1
4Dm
Rc
dRc
dt
; (9)
where Pi is the pressure in the cell interior relative to the
ambient pressure in the measurement chamber, k is the
interfacial dilatational viscosity, Dm is the viscosity dif-
ference across the neutrophil surface, and dRc/dt is the radial
velocity of the cell boundary. Thepressure driving the inﬂation
of the cell (analogous to the capillary pressure in the growing
drop model) comes from the pressure difference across the
cell surface at the cell-bead interface,
Pi ¼ F
pR
2
con
 2Tcort
Rb
: (10)
(In Appendix 2 we consider the possibility that local viscous
resistance in the cytoplasm near the bead impingement might
affect this expression for the pressure.) The second term in
Eq. 10 (containing the cortical tension) is constant, whereas
the ﬁrst term changes as both the contact radius Rcon and the
force F increase with time. The increase in R2con lags the
increase in force, such that the ﬁrst term exceeds the second,
driving the increase in Rc as the bead indents the cell. As Rcon
continues to increase, the ﬁrst term will eventually approach
the second as the equilibrium condition described in Eqs. 4
and 5 is reached. Combining Eqs. 9 and 10 yields the
following expression to model neutrophil deformation as
a function of time,
dRc
dt
¼ FRc
4pR
2
con
 TcortRc
2
1
Rb
1
1
Rc
 " #
k
Rc
1m
 1
; (11)
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where Dm has been replaced with m because the external
viscosity is much smaller than the cytoplasmic viscosity.
In Eq. 11, F, Rc, and Rcon are all functions of time. The
force depends on the difference between the instantaneous
cell velocity and the free stream velocity. Thus, F increases
as the cell decelerates during impingement. The relationship
between force and velocity has been derived by Shao and
Hochmuth (1996) as
F ¼ pR2pPimð1 Ui=UfÞ

C1; (12)
where Rp is the pipette radius, Pim is the measured im-
pingement pressure, Ui is the instantaneous velocity of the
cell in the tube, and Uf is the free velocity of the cell in the
tube at the same pressure. The constant term C1 is
C1 ¼ 11 4e
3
1
16ðLeq  DcÞ
9pRp
e5=2
ﬃﬃﬃ
2
p
 4e
3
p
 
; (13)
where Dc is the diameter of the cell, Leq is the equivalent tube
length of the pipette, and e¼ (Rp–Rc)/Rc is the dimensionless
ﬁlm thickness between the cell and the wall of the pipette.
The equivalent tube length is determined from the free
velocity Uf of the cell in the tube for a given pressure (Shao
and Hochmuth, 1996),
Leq ¼ RpPim
msUf
 4p 2
e
 1=2
1
71
5
" #
3Rp
24 32e; (14)
where ms is the viscosity of the suspending solution in the
pipette (0.97 cP at 22C). Note that when Ui ¼ Uf, the force
given in Eq. 12 is zero. As the cell impacts the bead, its
instantaneous velocity decreases as the depth of penetration
of the bead into the cell (d) increases. Thus, as the bead
pushes into the cell, the cell velocity is simply Ui ¼ dd/dt.
Solution of Eq. 11 requires additional relationships be-
tween the penetration depth d, the contact radius Rcon, and
the instantaneous cell radius Rc. From simple geometry, Rcon
is related to d and Rc as
R
2
con ¼ 2Rb d
Rc  d=2
Rc1Rb  d
 
 d2 Rc  d=2
Rc1Rb  d
 2
: (15)
To obtain d as a function of Rc, we apply the condition that
the cell volume remains constant. This leads to the following
fourth-order expression (Kern and Bland, 1948),
0 ¼ d41 4d3ðRc1RbÞ  12d2RcRb1 16dðR3o  R3cÞ
1 16ðR4c 1R3cRb  RcR3o  RbR3oÞ: (16)
Taking the derivative of Eq. 16 with respect to time, we can
relate the rate of change of d to the rate of change of Rc,
dd
dt
¼ dRc
dt
3 GðtÞ; (17)
where
GðtÞ ¼ d
3  3d2Rb  12dR2c 1 16R3c 1 12R2cRb  4R3o
d
3  3d2ðRc1RbÞ1 6dRcRb  4ðR3o  R3cÞ
:
(18)
Combining Eqs. 11, 12, and 17, we obtain the governing
equation for the cell-bead impingement driven by pressure in
a pipette,
dRc
dt
¼ PimR
2
p  2R2conC1Tcortð1=Rb1 1=RcÞ
4mR
2
conC1=Rc1PimR
2
pGðtÞ=Uf
: (19)
It is also of interest to calculate the contact stress between the
two surfaces as a function of time because it is the stress that
should correlate with alteration of surface microtopography.
The contact stress,s ¼ F=pR2con; is calculated by recognizing
the appearance of this term in Eq. 11. Once the dependence of
Rc on time is known for a given cell and impingement
pressure, s can be calculated directly according to
s ¼ 4
Rc
k
Rc
1m
 
dRc
dt
1 2Tcort
1
Rb
1
1
Rc
 
: (20)
Note that at equilibrium, the ﬁrst term is zero, and the contact
stress is given by the second term, which is independent of
force. An implicit assumption here is that the cortical tension
remains constant with area expansion, an assumption that is
supported by a previous study (Needham and Hochmuth,
1992).
Predictions of the temporal evolution of the contact area for
experimentally relevant conditions were obtained using
MATLAB (Rel. 12, The MathWorks, Natick, MA). Eq. 19
was integrated numerically to determine Rc as a function of
time. For a given value of Rc, dwas obtained by choosing the
root of Eq. 16 satisfying 0# d, Rb. (Only one root satisﬁed
this condition.) This value of d was used to calculate Rcon via
Eq. 15. The contact radius was then used in Eq. 3 to calculate
the area of contact between the two surfaces at each time step.
Shear rate
The apparent viscosity of the neutrophil has been shown to
depend on the shear rate (Tsai et al., 1993; Drury and
Dembo, 2001). As a basis for choosing appropriate values
for the cell viscosity in the analysis, the shear rate within the
cell during indentation was estimated by forming the ratio of
a characteristic velocity (Vc) divided by a characteristic
length scale over which the velocity is expected to vary by an
amount;Vc. In our problem, the only characteristic velocity
scale is the velocity of the cell during impingement with
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the bead. The characteristic length is obtained from the
analogous problem of pendant-drop growth as described
above. Deq was ﬁrst suggested by Humphrey et al. (1974) as
the equivalent diameter that preserves the relative impor-
tance of nozzle diameter to drop volume (Eq. 8). By analogy
we take the nozzle diameter to be equal to the time-averaged
contact radius. This gives a value of Deq in the range 0.9–1.8
mm. For each impingement, we take the characteristic shear
rate as the ratio of
_g ¼ Ædd=dtæc
DeqðÆRconæÞ; (21)
where the angled brackets indicate the time-averaged value
over the ﬁrst 1.0 s of contact,
Æxæ ¼
Z 1
0
xðtÞdt: (22)
Tomatch the analytical prediction tomeasured values, a least-
squares regressionwas performed ﬁrstwith the viscosity set to
zero. From this ﬁt, the characteristic shear rate was calculated,
and the cell viscosity was obtained from the power law ﬂuid
description given by Tsai et al. (1993),
m ¼ 1303 _g
_go
 0:5
; (23)
where _g0 ¼ 1:0 s1 and the viscosity is expressed in units of
pN s/mm2 (1.0 pN s/mm2 ¼ 1.0 Pa s ¼ 1.0 kg/m per s ¼ 10
poise).
MEASUREMENT METHODS
Cell preparation
The cell preparation and system setup for the touch experiments has been
adapted from a similar setup previously described (Spillmann et al., 2002)
and based on the original methods of Shao and Hochmuth (1996).
Neutrophils were obtained from a drop of whole blood via a ﬁnger stick
and diluted into Hank’s Balanced Salt Solution (without Ca21 or Mg21),
10 mMHEPES, and 4% heat-inactivated fetal bovine serum (FBS, Hyclone,
Logan, UT), pH 7.4, 290 mOsm. The suspending solution for measuring cell
deformation contained 10 mM HEPES, 5 mMMgCl2, 145 mMNaCl, 5 mM
KCl, 2 mg/ml glucose, 0.5 mM EGTA, and 4% FBS, pH 7.4, 290 mOsm.
Micropipettes were ﬁlled with the suspending solution, minus FBS.
Micropipette preparation
Micropipettes were made from glass capillary tubing (Freidrich and
Dimmoch, Millville, NJ) heated and pulled in a vertical pipette puller
(Model 730; David Kopf Instruments, Tujunga, CA). Two successive pulls
produced the desired taper and an extended, thin tip of the proper diameter.
Pipettes were formed by breaking off the tips in a microforge consisting of
a micromanipulator and a heated lead-glass bead mounted on a microscope
stage. Pipettes used to hold the bead were ;2 mm in diameter, and pipettes
used for cell transfer and translation of neutrophils for touch experiments
were 9–10 mm in diameter. Pipettes were coated with Surfasil (Pierce,
Rockford, IL) according to the manufacturer’s protocol and stored at room
temperature overnight in a closed environment.
Touch experiments
Diluted blood was placed in a chamber formed by a Plexiglas spacer between
two Surfasil-coated coverslips. Both this chamber and an adjacent one, the
touch chamber, were placed on the stage of an inverted light microscope
(Diaphot, Nikon, Garden City, NY) and partly enclosed with an apparatus
providing humidiﬁed air to minimize evaporation. Experiments were per-
formed in the touch chamber,whichwas ﬁlledwith the suspending buffer plus
a dilute suspension of either M-450 or M280 Dynabeads (Dynal, Lake
Success, NY). The chamber had openings on opposite sides to accommodate
opposing micropipettes. The holding pipette and the translation pipette were
ﬁlled with buffer and positioned inside the touch chamber. A slight negative
pressure was then applied to both pipettes for ;15 min to draw protein
solution into the pipette tip to reduce unwanted neutrophil adhesion to the
glass. Using the translation micropipette, neutrophils were chosen and trans-
ferred into the touch chamber and allowed to equilibrate for at least 20 min
with the suspending solution. All measurements were performed at room
temperature (22C).
After cell transfer, the twomicropipettes, mounted on micromanipulators,
were aligned opposite one another in the touch chamber. A beadwas captured
and held in the holding pipette by a negative aspiration pressure, and
a neutrophil was aspirated into the translation pipette, which had a diameter
large enough to allow the neutrophil to translate freely through its lumen, as
shown in Fig. 2 A. The zero pressure inside the translation pipette was
determined by raising or lowering reservoir 1 until the neutrophil was
stationary inside the pipette. To start a touch sequence a positive pressure
(Pim) was imposed on the cell by displacing the reservoir connected to the
translation pipette upward relative to the zero point. A digital micrometer
provided a measure of the impingement pressure, which ranged from;1.0 to
;6.0 pN/mm2 (0.1–0.6mmH2O). Awithdrawal pressure of 2.0–5.0 pN/mm
2
was established by adjusting airﬂow using a valve to regulate the suction rate
generated by a vacuum pump and monitored using a transducer. The positive
pressure was used to drive the neutrophil into contact with the bead in the
holding pipette for a user-deﬁned time of;2 s, at which time a solenoid valve
(Lee Company, Westbrook, CT) was engaged to introduce the withdrawal
pressure. When the neutrophil had moved away from the contact zone,
another impingement could begin. Time between contacts was three or more
seconds. The holding pipettewas kept approximately one neutrophil diameter
inside the translation pipette throughout the experiment tomaintain alignment
of the neutrophil with the bead (Fig. 2 B). Additionally, minor adjustments to
the translation pipette were made throughout an experiment to maintain the
best axial alignment between the two surfaces. If signiﬁcant asymmetries in
the cell motion during contact were observed, datawere discarded and the cell
and bead realigned by matching the focus of the bead and the pipette.
Each touch sequence was recorded on videotape with a time stamp and
the withdrawal and impingement pressure overlaid on the image. Zero
pressure in the translation pipette was checked periodically for drift in the
pressure due to evaporation of ﬂuid from the meniscus of the touch chamber.
Typically such corrections were,0.5 pN/mm2 (0.05 mm H2O). The contact
area was determined by measuring the contact length (Lcon ¼ 2Rcon) from
video recordings. Distances were calibrated using a stage micrometer.
Methods for obtaining self-consistent
parameter values
Procedures were implemented to check for and minimize possible errors in
our force calculations. We took advantage of the expectation that the free
stream velocity of the cell before contact should be proportional to the
impingement pressure. In most cases the expected linear relationship was
observed (Fig. 3 A). For the cases in which linearity was not observed,
a progressive change in the cell velocity with time indicated some drift in the
applied pressure. For these cases, data obtained immediately after calibration
of the zero pressure proved to be consistent with the linear expectation, and
only these data were used in the calculations (Fig. 3 B). In addition, we used
the knowledge that the equivalent pipette length (Leq) should be the same for
all cells measured using the same pipette to make sure that self-consistent
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values for the gap width parameter e were used for all cells measured with
the same pipette. First, values for ewere estimated frommeasurements of the
cell and pipette diameters. Then Leq was calculated for each cell from
measurements of the dependence of the free velocity on impingement force
(Eq. 14). The average Leq for all cells tested with a given pipette was then
taken as the ‘‘true’’ value, and then the gap parameter e was recalculated for
each cell via Eq. 14 using the true Leq and the measured ratio of Pim/Uf.
Although this approach does not eliminate systematic errors of measure-
ment, self-consistent values were obtained.
RESULTS AND COMPARISON TO THEORY
Static equilibrium
Repeated tests were performed on 19 cells from four donors.
Each cell was tested at each of four impingement pressures.
FIGURE 2 System for controlling neutrophil/bead contact. (A) The two
pipettes were positioned in a chamber on the stage of a light microscope and
connected to adjustable water reservoirs. A positive pressure on the
neutrophil was produced by raising reservoir #2 by a measured distance
relative to the position at which ﬂow in the pipette stopped. A vacuum pump
connected to reservoir #2 via a solenoid valve provided the withdrawal
pressure to draw the neutrophil away from the bead. To withdraw the cell
from its contact with the bead, suction was applied by activating the valve
via a computer interface. To initiate the next contact, the valve was turned
off, and the positive pressure set by the reservoir height pushed the cell into
contact with the bead. (B) Video micrographs showing the contact between
a neutrophil and 4.5-mm diameter bead. Images were taken near the end of
a 2-s contact, showing the cell bead pair at equilibrium. In this example, the
impingement pressure was 4.4 pN/mm2, and the contact force was 235 pN.
FIGURE 3 Self-consistency tests for the pressure values. The impinge-
ment pressure is plotted versus the free velocity of the cell in the pipette
before contacting the bead. The expected linear relationship was obtained in
most cases (A). In B an example is shown in which the expected linearity was
not observed. The star shows that the ﬁrst point measured at that pressure
after setting the zero point is consistent with the expected linear relationship.
The linear slopes give the value of Pim/Uf which is used to determine the
value of Leq (Eq. 14) that is used to calculate the force (Eqs. 12 and 13).
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Contact duration was ;2 s for each touch. In calculating the
force, corrections were made for ﬂuid leak around the cell
according to Eqs. 12 and 14. The measured free stream
velocity for a given pressure varied depending on the shape
of the pipette tip and the size of the gap between the cell and
the pipette wall. For the cells and pipettes used in the present
study, the parameter e ranged from ;0.02 to 0.12. For
pressures of 2.5–3.0 pN/mm2, free stream velocities ranged
from 2.5 mm/s to 12 mm/s, giving equivalent tube lengths
ranging from 600 to 4000 mm. When these values are
applied via Eq. 13 the contributions to the force of the terms
containing e ranged from 0.07 to 1.27, although for over 85%
of the cells tested the corrections were between 0.2 and 0.8.
Thus, the e-containing terms in Eq. 13 had a signiﬁcant effect
on our calculations of force, and could not be neglected.
Measurements of the contact radius Rcon as a function of
force were used to estimate the cortical tension of the cells
(Eq. 5). In making these calculations we recognize the
potential for systematic overestimation of the contact zone
due to misalignment of the cell and the bead or errors in
measurement due to the overlap of diffraction patterns as the
cell and the bead come into contact. These errors were largest
when the contact area was small, either when small beads or
low forces were used. Therefore, in determining the cortical
tension, we used the mean projected areas for each of the 12
cases where large beads were used and conﬁned the data set
to the highest impingement pressures applied. A weighted
linear regression to Eq. 5 (mean values were weighted by the
inverse of the variance of 25 repeated measurements) yielded
a value for the cortical tension of 21.7 pN/mm for Tcort. If the
regression was ﬁxed at the origin, a tension of 23.2 pN/mm
was obtained (Fig. 4 A). These values were consistent with
the behavior for data obtained at all impingement pressures,
as can be seen by comparing the measurements with the
prediction for contact area as a function of force given in Eq.
6. As illustrated in Fig. 4 B, the data show good agreement
with the predictions for cortical tensions ranging from 16 to
24 pN/mm. This is at the low end of the range of published
values (Table 1).
Dynamic response
The contact area was measured as a function of time for cells
contacting the beads under constant force. Cells and beads
were contacted 25 times, and the 1st, 6th, 11th, 16th, and 21st
touches were measured and averaged, except when there was
evidence for drift in the pressure, in which case the ﬁrst
sequence after zero pressure calibration was used. To
correlate the measurements with the theoretical predictions,
the cortical tension was set equal to 20 pN/mm and two
successive nonlinear regressions to the data were performed.
In the ﬁrst, three free parameters were determined: a constant
offset for time, a constant offset for the contact radius, and
viscosity. The results of this ﬁrst regression were used to
obtain the characteristic shear rate. Then the shear rate was
FIGURE 4 (A) The equilibrium projected area of contact (pRcon
2) as
a function of the applied force. The average equilibrium projected area at the
largest impingement force is shown for each of 12 cells contacting 4.5-mm
diameter beads. Error bars represent the standard deviation for 25 repeated
measurements. In performing the linear regression each point was weighted
as 1/variance of the 25 measured values. The slope of the linear regression
was used to calculate the cortical tension according to Eq. 5. When the
regression was ﬁxed at the origin, the calculated value for Tcort was 23.2 6
0.7 pN/mm. If the intercept was not ﬁxed at zero, the regression yielded an
intercept of 0.65 mm, and Tcort was calculated to be 21.7 6 4.6 pN/mm.
(The 6values indicate the standard error of the ﬁtted parameters.) (B)
Relationship between the contact area and impingement force of neutrophil/
bead in static equilibrium. Each different symbol represents a different cell
and error bars correspond to standard deviations for ;25 repeated
measurements at each pressure. Overlaid across the measurements are
model predictions of the contact area as a function of force (Eq. 6). (The
three curves correspond to predictions for different cortical tensions: solid
curve, 16 pN/mm; dashed curve, 20 pN/mm; and dotted curve, 24 pN/mm.)
Average values for the cell and bead radii used to ﬁt the data were 4.4 mm
and 2.4 mm, respectively.
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used in Eq. 23 to obtain the cell viscosity, and a second ﬁt
was performed with the viscosity set to this value. The
characteristic shear rate for the second ﬁt differed from the one
for the ﬁrst ﬁt by,4%, a reﬂection of the relative insensitivity
of the ﬁt to the value of the viscosity. In Fig. 5 are shown
example ﬁts to the average of ﬁve time-courses measured at
each of three different impingement pressures for large and
four different pressures for small beads. Values for the ﬁtted
offsets for all data were 0.003–0.038 s for the time, and 0.27–
0.51 mm for the contact radius. Also shown are the calculated
indentation depths, d, as a function of time (Fig. 5, C and D).
Contact stress
Examples of the calculated time-course of the contact stress
are shown in Fig. 6 for seven different impingement
pressures. The data on which the curves are based are the
same as that shown in Fig. 5. Note that the same equilibrium
contact stress is approached for beads of the same diameter,
but that the equilibrium stress is higher for small beads (36
pN/mm2) compared to large beads (26 pN/mm2). Also note
that there is a transient increase in stress that is up to twice
the equilibrium value for the largest pressures applied. To
evaluate the effect of contact stress on adhesion in cell-bead
contact experiments, it is instructive to examine how the
mean contact stress (averaged over the contact duration), Æsæ,
changes with impingement force and contact time (see Fig. 6
B). For contact times ,0.5 s, the difference between the
time-averaged stress and the equilibrium stress can be
signiﬁcant, approaching a factor of 2 in the worst case tested.
But for two-second contacts there is little difference between
the time-averaged contact stress and the equilibrium value
(,20%).
DISCUSSION
Cell deformation during leukocyte recruitment
The present study is motivated by a desire to understand the
role that mechanical forces play in the complex interactions
between neutrophils and the vascular endothelium during
neutrophil recruitment. Clearly, the chemistry of receptor-
ligand interactions and intracellular signaling events that
affect bond chemistry are critical for effective recruitment of
leukocytes from the circulation, but deformation also makes
a signiﬁcant contribution to recruitment. An early study in
vivo by Firrell and Lipowsky (1989) indicated that cell
deformation alters the balance between adhesive and hy-
drodynamic shearing forces by increasing the area of con-
tact and prolonging the contact duration in the presence of
shearing forces. This behavior has been further studied
and modeled by several investigators (Dembo et al., 1988;
Alon et al., 1995; Dong et al., 1999; Lei et al., 1999; Dong
and Lei, 2000). Most of these analyses treat the cell with
a two-dimensional approximation of an elastic ring sur-
rounding a viscous core, and examine the effects of mech-
anical forces on the peeling rate at the trailing edge of a cell
subjected to ﬂuid shear forces. All show signiﬁcant effects
of cell deformation on the dynamics of the cell-substrate
interaction, although none consider possible effects of force
on the formation of adhesive bonds.
One of the criticisms raised concerning existing analyses
of cell-substrate interactions in ﬂuid shear is that the
approximate, two-dimensional descriptions of the cell (or
the failure to treat cell rheology at all) limits the reliability of
quantitative predictions obtained using these approaches.
The complex rheological behavior of the actual cell and the
coupling of cell deformation to the kinetics of bond forma-
tion and breakage in the contact zone, make it extremely
difﬁcult to develop realistic three-dimensional treatments of
an adherent cell subjected to ﬂuid shear. To avoid this
complexity, but to gain a better understanding of how mech-
anical forces might affect bond formation, we have chosen an
experimental system more amenable to realistic mechanical
analysis. The axisymmetry of the deformation and loading
in our experiments and the ability to regulate and calculate
forces between the cell and the bead make it possible to make
accurate predictions of the size of the contact zone and the
contact stress between the cell and the substrate (Shao and
Hochmuth, 1996; Ritchie and Evans, 1997; Chesla et al.,
1998; Tees et al., 2001).
Constitutive models of the cell
The need for leukocytes to deform as they circulate through
the microvasculature has motivated extensive efforts to
model and characterize their rheological properties (Yeung
and Evans, 1989; Needham and Hochmuth, 1990; Tsai et al.,
1993; Drury and Dembo, 2001). An early report based on
small deformations of neutrophils into a micropipette used
the model of a standard viscoelastic solid to model cell
behavior for small deformations (Schmid-Schonbein et al.,
1981). Subsequently, observations of large cellular defor-
mations demonstrated that neutrophil behavior is fundamen-
tally ﬂuid-like: cells deform continuously into micropipettes
in response to constant loads. These observations led to the
model of the cell as a viscous ﬂuid with a constant cortical
tension, a liquid-drop model (Evans and Kukan, 1984; Evans
and Yeung, 1989; Needham and Hochmuth, 1990). In the
simplest case, the neutrophil cytoplasm is modeled as
TABLE 1 Comparison of the calculated neutrophil cortical
tension, Tcort
Tcort (pN/mm) Source
16–24 Current study
13 Evans and Kukan (1984)
35 Evans and Yeung (1989)
24 Needham and Hochmuth (1992)
27 Tsai et al. (1993)
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a simple Newtonian ﬂuid, but a number of embellishments to
the simple ﬂuid-drop model have been proposed. Motivated
by ultrastructural evidence of a dense cortical layer of actin in
these cells, a model was proposed in which there is a distinct
viscous resistance from the cortical region of the cell (Evans
and Yeung, 1989; Yeung and Evans, 1989). In a subsequent
study, observations of differences in the apparent viscosity of
the cell measured at different rates of deformation revealed
that the cytoplasmexhibits shear thinning behavior (Tsai et al.,
1993). Shear thinning behavior was also included in a model
presented by Drury and Dembo (2001), who combined shear
thinning and a surface viscosity component to account for
experimental results from micropipette aspiration experi-
ments performed over a wide range of conditions. Recently,
Herant et al. (2003) examined amore comprehensivemodel to
account for neutrophil behavior in both passive and motile
states. They also concluded that the cortical region of the cell
plays a predominant role in its viscous (dynamic) response
(Herant et al., 2003), but only when the surface deformations
exceed 5%, a condition not generally met in the indentation
studies described in the present report.
In the present analysis we have elected to treat the cell as
a ﬂuid drop with a uniform viscosity and constant cortical
tension. This choice is somewhat arbitrary because, for the
FIGURE 5 Time dependence of the contact area during cell-bead contact under a constant impingement pressure. A representative neutrophil is shown. Error
bars show the standard deviation at each time point for ﬁve replicate measurements (from ﬁve different contact events). (A) Impingement with 4.5-mm beads.
Equilibrium forces were 115 pN (d), 170 pN (n), and 230 pN (¤). Solid curves are the model predictions based on Eq. 19 and using a cellular viscosity
consistent with the characteristic shear rate (Eq. 21). (B) Similar results were obtained when small (2.8-mm diameter) beads were used. Equilibrium forces were
50 pN (s), 80 pN (h), 100 pN ()), and 130 pN (q). In C and D the corresponding values of the indentation depth d are shown. Note that the dashed curves
were obtained from the ﬁtted curves in A and B, and are not direct regressions to the values of d.
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small deformations produced in the present experiments, a
variety of mechanical models can match the data, partic-
ularly when material coefﬁcients are chosen freely. To some
extent our choice is justiﬁed by the fact that the cellular
behavior we observe is entirely consistent with published
values for the material coefﬁcients. Speciﬁcally, values of
the cortical tension obtained in the present study agree clos-
ely with previously published values (Table 1). This agree-
ment exists despite possible errors in our measurements.
The most signiﬁcant errors are likely to come from two
sources. Errors in our estimation of the gap width between the
cell and the wall of the pipette may lead to errors in the cal-
culated force on the cell, and misalignment of the cell and
bead during contact may lead to systematic errors in our
estimate of the contact area. As described in Results and
Comparison to Theory, above, the contributions to the force
of terms in Eq. 13 containing the gap width ranged from
0.07 to 1.27. Our approach of calculating these terms using
measurements of the free cell velocity in the pipette to ob-
tain self-consistent values for different cells tested using the
same pipette was designed to minimize both the magnitude of
random errors and variability in the accuracy of the force
calculated for different cells. An additional error could result
from changes in the cell diameter when it contacts the bead.
To estimate themagnitude of this error, careful measurements
of the change in cell dimensions were made immediately
before contact and at the equilibrium contact for the cases in
which these terms contributed most signiﬁcantly to the
calculated force. (Although there may be uncertainties in the
absolute values of the cell and pipette diameters, accurate
measurements of changes in the gap size between the cell and
pipette can be made by choosing consistent locations in the
diffraction patterns of the image.) Using this approach we
estimate that cell deformation during contact may have
resulted in an underestimation of the force by ;25% for
the worst case. Errors in the calculated contact area due to
misalignment of the cell and bead were also a concern.
Whenever a signiﬁcant deviation from axial alignment was
observed, the data were discarded, and the cell and bead
realigned for subsequent contacts. Concerns over signiﬁcant
systematic errors in our measurements are alleviated by our
observation that the equilibrium contact areameasurements as
a function of force extrapolate to a value close to zero (Fig. 4).
Interestingly, we ﬁnd that agreement between analytical
prediction and experiment for the dynamic response is
relatively insensitive both to the value of the cell viscosity
and to whether the viscous dissipation occurs primarily in the
cortex or throughout the cell interior. The inability to distin-
guish between cortical and bulk viscosity is evident from Eq.
9, where it can be seen that the cortical viscosity k enters the
analysis in the samemanner as the bulk viscositym, except for
division by Rc, which changes little during the indentation
process. Thus m and k/Rc behave as equivalent constants in
the analysis. The insensitivity of the analytical prediction to
the value of the viscosity can be understood by examining the
two terms in the denominator of Eq. 19. The second term
evaluates to ;2000 pN/s per mm. In the ﬁrst term, the terms
multiplying the viscosity evaluate to a value on the order of
1.0 mm. The cellular viscosity is on the order of 200 pN/s per
mm2, making the ﬁrst term an order-of-magnitude smaller
than the second. Thus, small changes in the viscosity term
FIGURE 6 (A) The time dependence of the contact stress over a 2-s
contact time. The contact stress was calculated via Eq. 20 based on the ﬁtted
curves to the data in Fig. 5. The stress for contacts with small (2.8-mm
diameter) beads (upper curves) approach an equilibrium stress of 36 pN/mm,
and for large (4.5-mm diameter) beads (lower curves), 26 pN/mm.
Impingement pressures for the small beads were ;1.0, 1.5, 2.0, and
2.5 pN/mm2, and for the large beads, 3.0, 4.5, and 6.0 pN/mm2. In each group
the size of the transient increase in contact stress increased with increasing
force. (B) The contact stress shown in A was integrated over time, and the
time-averaged value is shown as a function of increasing contact duration.
For contacts ,0.5 s, there can be substantial differences between the time-
averaged stress and the equilibrium stress. For longer times, the time-
averaged value approaches the equilibrium value, such that for 2-s contacts,
the time-averaged stress is within 20% of the equilibrium value for large
beads, and within 5% for the smaller beads.
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(note that this includes both cortical and cytoplasmic viscos-
ity) affect the predictions very little because the second term in
the denominator of Eq. 19 dominates the behavior of the
system.
Contact stress and the importance
of microtopography
The microtopography of the cell surface also plays a
signiﬁcant role in determining the ability of neutrophils to
form speciﬁc bonds with substrate. Direct evidence for this
comes from a study showing that differences in surface
topology can result in a 50-fold change in the effective
binding afﬁnity of receptors conﬁned to surfaces (Williams
et al., 2001). This effect is thought to arise from several
mechanisms. A simple physical effect of surface roughness
is that only portions of the cell surface come into intimate
contact with a smooth substrate, limiting the actual contact
area where molecular bonds can form. In addition, an uneven
distribution of adhesion receptors over the neutrophil surface
and the lateral mobility of receptors on the membrane will
affect bond formation in ways that are intrinsically connected
to surface microtopography. It is signiﬁcant that L-selectin
molecules, which are important in the initial formation of
bonds during neutrophil recruitment, are localized to the tips
of the microvilli (Erlandsen et al., 1993; Bruehl et al., 1996).
In contrast, other receptors such as the b2-integrin Mac-1,
which appear to function primarily after initial capture dur-
ing cell arrest and migration, are localized away from the
microvilli tips (Erlandsen et al., 1993). Thus, changes in sur-
face microtopography brought about by active cytoskeletal
reorganization or by passive deformation of the cell surface
under contact loads are likely to have substantial effects on
the formation of adhesive bonds.
The present study provides a basis for understanding the
role of force in modifying neutrophil topography. The degree
of alteration of the microtopography by deformation of
microvilli should depend on the force per microvillus in the
contact zone. Therefore, the critical parameter for predicting
alteration of surface topography in response to force is not the
total force, but the force per unit area (contact stress).We have
seen that the macroscopic contact area at equilibrium depends
on the magnitude of the impingement force (Eq. 6), but that
the increase in area with force is such that the contact stress is
independent of force (Eq. 20). As the contact area increases
under compression, the number of microvilli within this area
increases proportionately. Thus, for equilibrium contacts at
different forces, one would not expect to observe differences
in behavior due to effects of altered microtopography. For
the experimental approach considered here, this prediction
should also hold for dynamic situations in which the contact
stress transiently increases above the equilibrium value. Even
though there are signiﬁcant elevations of stress during the ﬁrst
0.5 s of contact, the time-averaged contact stress remains
close to the equilibrium value, deviating by ,20% for
a contact duration of 2.0 s.
The effect of force on microtopography would naturally
depend on how the microvilli respond to compression forces.
For a typical cell (;9 mm diameter) contacting a bead with
a diameter of 5 mm, and a cortical tension of 20 pN/mm, the
contact stress relaxes to an equilibrium value of ;26 pN/
mm2. A previous report by Shao et al. (1998) studied the
effect of mechanical forces on microvilli in extension and
found that they behave as springs with a spring constant of
;40 pN/mm. (We are unaware of any studies that have ex-
amined microvilli in compression.) Based on an estimate of
;5 microvilli/mm2 (Shao et al., 1998), a contact stress of
26 pN/mm2, the estimated force per microvillus would be;5
pN/microvillus, sufﬁcient to cause a small but appreciable
deformation of the surface. (Using the spring constant for
extension, a reduction in microvillus length of 125 nm is
predicted. This is a substantial percentage of the typical
microvillus height of 100–300 nm.) For a smaller bead, the
equilibrium stress would be higher (;36 pN/mm2), and the
expected surface deformation would be greater. These
calculations indicate that the effect of contact stress on
adhesion probability could be substantial.
CONCLUSIONS
The mechanical behavior of neutrophils impinging a rigid
substrate is found to be consistent with analytical predictions
based on a model of the cell as a liquid drop and using
published values for the cellular properties. At equilibrium,
the measured contact area as a function of force yields values
of the cortical tension that are in close agreement with
published values. The dynamic response of the cell during
the impingement process was also found to be consistent
with predictions based on the behavior of a ﬂuid drop,
although, for the experimental system examined here, the
predicted behavior was relatively insensitive to the value
chosen for the viscosity. Although it is likely that other
models might also be used to make accurate predictions of
this behavior, the liquid-drop model has shown excellent
ﬁdelity with observed cellular behavior over a wide range of
conditions. Two important conclusions are reached that are
relevant to the role of mechanical force in modifying the
contacts between a neutrophil and a rigid substrate. First,
under axial loading, the contact stress is independent of
the magnitude of the applied force because the increase in
contact area simply distributes the total force over a larger
area. The contact stress is, however, predicted to depend on
the curvature of the substrate. Second, even accounting for
changes in the contact stress during the loading process for
the experimental system considered, the maximum deviation
from equilibrium is less than a factor of 2, and the time-
averaged stress for contacts of 2 s or more is within 20%
of the equilibrium value. These conclusions are used in a
companion report as a basis for evaluating the effects of
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impingement force and contact stress on the prob-
ability of forming adhesive bonds between the cell and the
substrate.
APPENDIX 1: EVALUATION OF ERRORS
FROM APPROXIMATIONS IN THE
EQUILIBRIUM EQUATIONS
Force balance on the upstream side of the cell
In deriving Eq. 5 the force balance across the cell boundary not in contact
with the bead was taken relative to ambient pressure, that is, the pressure in
the suspending ﬂuid in the chamber outside the pipette. Yet, from
examination of Fig. 2 B, it is apparent that the portion of the cell boundary
with radius Rc is actually at equilibrium with the ﬂuid in the pipette just
upstream of the cell. The pressure in this region is slightly greater than the
pressure in the suspending ﬂuid. Thus, we might more properly write
Pi  Pu ¼ 2Tcort
Rc
; (A1)
where Pu is the pressure in the pipette immediately upstream of the cell
relative to the suspending ﬂuid outside the pipette. This results in a slightly
different expression for the equilibrium state,
Amac ¼ 2pRb Rb 
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The magnitude of Pu affects the calculated value of the cortical tension. Its
magnitude depends on the impingement pressure applied to the system, and
the pressure loss in the pipette due to the leak ﬂow around the cell. An
expression for Pu has been derived by Shao and Hochmuth (1996),
Pu ¼ 8LeqF
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Using this expression and the values of e and Leq for the present study, we
estimate that neglecting Pu in Eq. A1 could lead to an overestimation of Tcort
of ;5% for the data of the present study.
Note that the inclusion (or exclusion) of Pu has no effect on the
predictions for the dynamic response of the cell. This is because Pu enters the
governing equation for the dynamic process (Eq. 11) in exactly the same
combination with Tcort as it does in Eq. A2. Thus, inclusion of Pu in the
equilibrium analysis results in a slightly lower value of Tcort, and this lower
value exactly compensates for the inclusion of Pu in the dynamic analysis.
Changes in e due to cell deformation
It is possible that deformation of the cell when it contacts the bead may affect
the width of the gap between the cell and the pipette wall. To determine how
much this might affect our calculation of the force, we measured the vertical
dimension of the cell before and during contact with the bead. (Although
optical diffraction limits the absolute accuracy of these measurements,
changes in the cell diameter could be determined more accurately by
measuring the displacement of consistently chosen locations within the
diffracted image.) The deformation is largest for the largest pressures, and
varied from cell to cell. The largest changes in cell diameter were,0.05mm.
Although this sometimes resulted in a substantial percentage change in e, the
effect on the calculated value of the force was small because the percentage
change was largest when e was smallest and had the least effect on the
calculated force. We estimate that for the largest impingement pressures
(where the deformation was greatest) the error in force was typically,8.5%
and;11% in the worst case. Note that in this case our approximation that e
does not change would result in an underestimation of Tcort, thus
compensating for errors that might result from neglecting Pu in Eq. A1.
APPENDIX 2: IMPORTANCE OF ENTRANCE
EFFECTS IN RADIAL GROWTH MODEL
It is important to consider the possibility of a signiﬁcant pressure drop
occurring within the cell in the vicinity of the impinging bead, which could
lead to an overestimation in the calculation of the pressure jump at the cell
surface. Since the entrance ﬂow induced by the impinging bead is initially
axial in direction, it is appropriate to model this in cylindrical coordinates
where the axial coordinate z is parallel to the bead motion, u is the symmetry
direction, and here r is directed radially outward from the z axis (rather than
the spherical r-coordinate used earlier). Retaining the relevant noninertial
terms in the z-component of the Navier-Stokes equation yields
@p
@z
¼ m@
2
vz
@z
2 : (A4)
If the ﬂuid decelerates from a velocity equal to the bead velocity at the cell
surface, down to some lower value near the cell center, this would appear to
be associated with a negative pressure change of
Dp; mv=R: (A5)
Substituting characteristic values from the current study, one ﬁnds that this
pressure drop is predicted to be of the same order of magnitude as the
pressure drop across the interface,
Dp; g=R: (A6)
However, both the entrance ﬂow and the local pressure are functions of both
r and z: i.e., v(r,z), p(r,z). As the z-component of the velocity decreases, it is
converted to an outwardly-directed radial velocity. Indeed, once the ﬂuid
reaches a spherical shell near the center of the cell of equal surface area to
the contact area of the bead, the radial velocity component must equal the
original z-velocity of the bead due to mass conservation. Now consider
the relevant terms in the r-momentum equation,
@p
@r
¼ m@
2
vr
@z
2 : (A7)
Since the radial component of the velocity is initially zero at the bead surface
and increases to a value equal in magnitude to the z-velocity of the bead at
a location near the cell center, by scaling arguments we expect a positive
pressure change associated with this velocity change of magnitude,
Dp;1mv=R: (A8)
This positive pressure difference will approximately balance the negative
pressure change predicted solely from the z-momentum equation. Concep-
tually, this implies that the z-velocity imparted by the bead on the ﬂuid is
efﬁciently converted to a radial velocity with minimal pressure losses. Thus,
based on this dimensional analysis of the governing equations, we predict
that there is no signiﬁcant pressure drop associated with the entrance ﬂow,
and that the calculation of the pressure jump at the cell surface based on the
micropipette pressure remains valid.
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